Anthocyanins have been used as food color additives, but they also possess many properties beneficial to health. Plant tissue culture technology is an attractive alternative for obtaining these valuable natural pigments. In this work, dark-grown anthocyanin producing callus cultures of Angelica archangelica were established. They were cultured on a Murashige and Skoog medium supplemented with 2 mg/L 2,4-dichlorophenoxyacetic acid and 0.4 mg/L benzylaminopurine. Anthocyanin contents in cultures were around 2%, i.e. one order of magnitude higher than in the intact plant that contains up to 0.17% anthocyanins. Growth and production characteristics of the culture were determined -fresh and dry biomass as well as anthocyanin levels reached a maximum on day 30. Effects of basal nutrient media on callus proliferation and anthocyanin accumulation were tested. Culture growth (fresh weight) achieved 105%, 102%, 141%, 129%, 54%, and 26%, and anthocyanin contents attained 114%, 41%, 33%, 31%, 25%, and 15% on Linsmaier and Skoog, Gamborg B5, Schenk and Hildebrandt, Woody plant, Nitsch and Nitsch, and Heller medium, respectively, in comparison with that of Murashige and Skoog.
Anthocyanins are blue, red, or purple pigments found in plants. These water-soluble phytochemicals belong to a large group of phenolic compounds [1, 2] . Anthocyanins have been widely used as natural colorants and additives in foods and beverages for increasing consumer acceptability of these products [1] . Anthocyanins, having low to no toxicity [1] , have a great potential for replacing many synthetic colorants, for which there has always been a question of controversy regarding their safety [2] . In addition to their colorant properties, anthocyanins are potential pharmaceutical ingredients exhibiting various beneficial health effects. For example, they improve visual and neurological health, and help to prevent cardiovascular illnesses, diabetes, and inflammation [1, 2] . Plant tissue culture has evolved into an essential tool for plant research at both the basic and applied levels. Moreover, it provides an alternative for the continuous production of commercially important plant metabolites, as it assures independence from geographical conditions by eliminating the need to rely on wild and domesticated plants [3] . Production of anthocyanins in metabolically engineered microbes has also been promoted [4] . However, in spite of progress in engineering anthocyanins in microorganisms, using plants and plant cell cultures to produce anthocyanin would be a more efficient strategy [5, 6] . The aim of this work was to establish anthocyanin producing callus cultures of Angelica archangelica L., to determine their growth and production characteristics, and to study the influence of basal nutrient media on culture growth and anthocyanin accumulation.
Anthocyanins in garden angelica are located in surface tissue layers of stems and petioles and are responsible for the purple hue of these plant organs (Figure 1 ). Anthocyanin contents are relatively low; the highest amounts were found in the earliest developing parts of in-spring sprouting buds reaching around 0.17% on a dry matter basis (Table 1) . Callus cultures were initiated from angelica seedlings grown on a Murashige and Skoog medium and incubated in the dark. For induction of callogenesis, a growth regulator combination of 2,4-dichlorophenoxyacetic acid (2,4-D), 1-naphthaleneacetic acid and benzylaminopurine (BA) was used. The first calli formed in four weeks. The calli were separated from explants and, after two sub-cultures on the induction medium, were transferred to a maintenance medium supplemented with 2,4-D and BA and sub-cultured every four weeks. These combinations of phytohormones were best for callus induction and proliferation, respectively, in callus cultures of Angelica sinensis [7] , and they are effective in inducing and maintaining A. archangelica callus cultures as well. Similarly, a combination of 2,4-D with BA promoted very well cell proliferation in callus cultures of Fragaria ananassa [8] and Sedum telephium [9] . The angelica callus cultures were friable, creamy-white with purple-colored clusters. The pigmented zones were selectively sub-cultured under the same culture conditions for about a year to obtain stable homogeneously purple cultures (Figure 1 ) containing approximately 1-2% anthocyanins on a dry matter basis, i.e. one order of magnitude more than the parent plant. In agreement with our results, a growth regulator combination of 2,4-D with BA in the nutrient medium also supported anthocyanin biosynthesis in callus cultures of Fragaria ananassa [8] and Sedum telephium [9] . The anthocyanin accumulation decreased by about 34% when angelica calli were grown under a 16/8 light/dark photoperiod (data not shown). The finding is consistent with the results of studies on callus cultures of Aralia cordata [10] and Fragaria ananassa [8] where anthocyanin production declined by about 25% and 45%, respectively, in 16 (12) 2018 Siatka et al.
sieversii [12] , and Prunus cerasus [13] incubated in the dark were 5-12, 6-27, and 40-fold less, respectively, than in the light, i.e. these cultures were able to synthetize anthocyanins sufficiently only with appropriate illumination. From the viewpoint of biotechnological processes, the necessity of light irradiation is a problem [3, 8] . Therefore, production of anthocyanin in the dark is preferable for potential commercial applications [3, 5, 8] . Each value represents mean  standard deviation (n = 4).
To determine the time suitable for callus harvesting, the kinetics of growth and anthocyanin production for a period of 42 days was evaluated in angelica callus cultures ( Figure 2 ). Both fresh and dry weight increases corresponded to a typical sigmoid growth curve reaching the highest biomass yield at day 30. This is comparable with the growth rate in callus cultures of Glehnia littoralis [14] , Daucus carota [15] , and Aralia cordata [10] , which attained the maximum biomass at 4 weeks. Faster growth was observed in callus cultures of Malus sieversii [12, 16] and Fragaria ananassa [8] , with the highest weights at 3 weeks. On the contrary, biomass enhancement was slow in callus cultures of Panax sikkimensis with the highest values at 8 weeks [11] . Similar to the growth, anthocyanin accumulation in angelica callus cultures achieved a maximum at day 30. This finding is in agreement with observations in Malus sieversii [12, 16] and Panax sikkimensis [11] callus cultures in which highest anthocyanin as well as biomass values were obtained at the same time, at 3 and 8 weeks, respectively. On the other hand, in comparison with the growth, anthocyanin levels reached a maximum one week sooner (at 3 weeks) in callus cultures of Daucus carota [15] and Aralia cordata [10] , but one and two weeks (at week 4 and 6) later in those of Fragaria ananassa [8] and Glehnia littoralis [14] , respectively. (Table 2 ) and anthocyanin accumulation (Figure 3) in angelica callus cultures were tested. Each value represents mean  standard deviation (n = 3). Asterisks  denote significant differences in comparison with control cultures (Murashige and Skoog medium), P < 0.05. The maximum biomass was achieved on SH and WP (about 1.4 and 1.3-fold more on a fresh weight basis, respectively, and approximately 1.3-fold more on a dry weight basis, compared with MS), followed by MS, LS, and B5, on which callus proliferation was similar and not significantly different. NN and He were not able to facilitate callus growth enough. Concerning anthocyanin production in angelica callus cultures, only LS and MS favored anthocyanin accumulation. The anthocyanin levels on the other media were much lower and were reduced by 59%, 67%, 69%, 75%, and 85% on B5, SH, WP, NN, and He, respectively, in comparison with MS. Nutritional requirements vary among cultures. In callus cultures of Aralia cordata, growth was similar on MS, B5, and NN, however lower than on LS [10] . Anthocyanin biosynthesis was better on B5 and LS than on MS and NN [10] . Callus proliferation was worse on MS than on LS and B5, whereas anthocyanin accumulation was higher on MS and B5 than on LS in Fragaria ananassa callus cultures [8] . Maximum biomass enhancement and anthocyanin contents were observed on MS in callus cultures of Daucus carota [24] . B5 was better than LS and SH, but less effective than MS in supporting culture growth. Anthocyanin production decreased by about 30%, 50%, and 75% on LS, B5, and SH, respectively, compared with MS [24] . Thus, as a trade-off between cell proliferation and anthocyanin synthesis, the best media were LS, B5, and MS for callus cultures of Aralia cordata [10] , Fragaria ananassa [8] , and Daucus carota [24] , respectively. The most suitable media for angelica callus cultures
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In conclusion, the results reveal that anthocyanins can accumulate in angelica callus cultures to higher levels than in a plant. The cultures will be used for further studies on conditions influencing the in vitro anthocyanin production. [7] . The pH of all media was adjusted to 5.7 before autoclaving at 121°C for 15 min. The cultures were incubated at 25 ± 1°C in the dark and sub-cultured every 4 weeks. The pigmented zones of callus were continuously selectively sub-cultured to establish homogeneously purple colored cultures. For determination of growth and production characteristics of callus cultures, cultures with an initial inoculum of 500 ± 50 mg were grown in the dark on a Murashige and Skoog medium supplemented with 2 mg/L 2,4-D, 0.4 mg/L BA, and 30 g/L sucrose. The calli (6 replications) were harvested in a 3-day interval for a period of 42 days. The fresh and dry biomasses were recorded, as well as anthocyanin contents.
Experimental
For testing the effects of various culture media, cultures with an initial inoculum of 500 ± 50 mg were cultured on an appropriate medium supplemented with 2 mg/L 2,4-D, 0.4 mg/L BA, and 30 g/L sucrose. After 30 days, the cultures were harvested, and callus growth and anthocyanin production were evaluated. Experiments were carried out 3 times with 5 replicates for each treatment.
Measurement of culture growth:
The harvested calli were weighed for fresh weight determination, and then freeze-dried to obtain dry weight.
Quantitative determination of anthocyanins: Anthocyanins were quantified spectrophotometrically [15] . The powdered freeze-dried calli or plant parts were extracted in methanol containing 1% HCl for 14 h (overnight) at 4 °C. The extracts were centrifuged at 2,500 rpm for 10 min. The absorbance of the clear extracts was measured at 535 nm. The anthocyanin content was calculated using a calibration curve of cyanidin-3-glucoside and expressed in mg per 1 g of dry weight.
Statistical analysis: Data obtained were expressed as means with standard deviations and were statistically analyzed using a one-way analysis of variance, followed by Tukey's multiple comparison test. Differences at P < 0.05 were regarded as statistically significant.
